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TECHNICAL NOTE NO. II 5 I 

SUMMARY OF DRAG CHARACTERISTICS OF 
PRACTICAL -CONSTRUCTION WING SECTIONS 


By John H. Quinn, Jr. 


SUMMARY 


The effects of several parameters on the drag characteristics 
of practical -construct ion wing sections have "been considered and 
evaluated. The effects considered were those of surface roughness, 
surface waviness, compressive load, and de-icers. The data were 
ohtained from a number of tests in the Langley two-dimensional 
low -turbulence tunnels. 

The section drag coefficients of practical -construct ion wings 
in the "as -received " condition were often as high as O.OO 7 O at 
Reynolds numbers of 20 x 10®. When spar joints or surface unfairness 
occurred in a region of normally laminar flow, decreases in section 
drag coefficient up to 5 O percent could be obtained by a combination 
of surface finishing and fairing. In some cases, nearly half this 
improvement was due to better surface fairness. The drag of smooth 
wings with thick skin having spars placed at or behind the most 
rearward position at which laminar flow might be ezpected approached 
that of fair and smooth airfoils of corresponding sections. Some 
quantitative data were obtained and indicated the effects of waves 
in the laminar-flow region of smooth practical -construct! on wings on 
the Reynolds number at which premature transition would occur. For 
Reynolds numbers up to 50 x 10®, a few examples are given of surface 
waves on NACA 6 -series airfoil sections that did not cause premature 
transition. 

As a result of the construction Irregularities existing on 
wings as received from the manvifacturer, the differences in drag 
usually associated with airfoils of different series were not obtained. 
Combinations of glazing, painting, or minor refairing of the surfaces, 
however, were sufficient to produce section drag coefficients 
approaching those for fair and smooth airfoils of corresponding sections 
at Reynolds numbers up to approximately 20 x 10° . 

Loading a wing in compression until some slight permanent sot 
of the skin or rivets occurred had little or no adverse effect on the 
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drag characteristics of two wing sections designed to retain their 
true contours under loads usually encountered in flight. While the 
w^ing was luider load sufficient to produce such deformation, however, 
drag coefficients as high as O.OO 60 were obtained at a Reynolds 
number of approximately 2h x 10® as compared with a value of 0.0045 
for the unloaded wing at the same Reynolds numbei’. 

Airfoil sections having thickness ratios of approximately 
15 percent and equipped with leading-edge do -leer beets were found 
to have section drag coofficionts of approximately 0 .0070 at Reynolds 
numbers betxreen 10 x 10® and 32 x ICP . This value of the section 
drag coefficient appeared to be independent of the airfoil section 
upon which the de-icer was mounted. 


IITORODUCTION 


Numerous investigations of airfoil sections built by various 
practical -construction methods have been made in the Langley two- 
dimensional low -turbulence tmmels to detei-mine the effects of 
construction irregularities on the aorodjTaamlc characteristics of 
the airfoil sections that each model represented. The results of the 
testa were useful in eatim£i,ting performance characteristics of the 
airplane for which, each installation was being considered, but no 
attempt v;as made to correlate the aerodynamic characteristics of the 
wing sections with the type of construction employed. 

In the present paper the data obtained from the tests have been 
collected and analyzed to find the effects of several parameters on 
the drag characteristics of practical -construction wings. The effects 
of surface ro^ighness, surface waviness, compressive load, and de-icers 
were considered. The drag characteristics of the models, which repre- 
sented both NACA 6- and 2^0 -series airfoil sections, were obtained 
for various surface conditions. These surface conditions generally 
included the original condition as received from the ma.nufacturer and 
a number of improved conditions obtained by glazing, sanding, painting, 
or by a combination of these processes. Surface -waviness measurements 
were made more recently on several models and the drag and waviness 
measurements were correlated wherever possibi-e. 


SYMBOLS 


c airfoil chord, feet 

difference between gage reading on airfoil surface and on 
a flat plate, feet 
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d./c 

8 



^8 

U 


E 


o 


P 


wavinesa index 

chordwise distance along airfoil surface from leading edge, 
feet 

section drag coefficient 

section lift coefficient 

desi{5a section lift coefficient 

Reynolds number based on wing chord 

acceleration of gravity, feet per second per second 

distance along chord from leading edge, feet 

effective thickness of boundary layer; thickness to point 
vl.ere velocity inside boundary layer is equal to 0-707 of 
velocity outside boundary layer, feet 

Reynolds number based on effective boundary -layer thickness 

local velocity outside boimdary layer, feet per second 

free -stream velocity, feet per second 

pressure coefficient 
free -stream total pressure 
local static pressure 
free -stream dynamic pressure 



MODELS 

The models tested were built by practical -construction methods 
and were of 3 "foot span and from 6- to 8. 33 "foot chord. Chordwise 
stiffeners, spinwise stiffeners, or combinations of the two were 
used, and the models were of the single-, double-, or triple -spar 
type. Both NAC/V 23O- and 6 -series airfoil sections were represented. 
Explanations of the airfoil designations are included in reference 1 - 
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Th .0 or?.ginal condition of the wing as received from the 
manuf a.cturer and also the various improved conditions are described 
for each Diode 1 where data for the various surface finishes are 
presented. These improved surface conditions were obtained by one 
or moi-e of the following finishing procedures: 

Camouflage painted: Painted with synthetic -enamel camou- 

flege paint giving a sua'face condition similar to tlmt obtained by 
procedure 5 of reference 2. 

Sanded: Suiface sanded sufficiently to remove paint specks 

and other simi3.ar excrescences. 

Glazed: Local defects such as nicks, dimples around 

rivets, and seijns, filled, with pyroxylin putty and sanded smooth. 


Painued: Painted with gray primer surfacor and sanded 

smooth with No. 3P0 carborunduDi paper . 

Faired; Modifications to surface either by extensive 
application of pyrox,Ylin putty or rebuilding to reduce tlie nuDiber 
and size of lai'ger surface irregularities. 

In the present paper the term "rouglnness” is used to denote 
the presence of local nicks or scratches, open seams due to chord- 
wise or spanwise joints, dimxiles around rivets or screws, paint 
specks, or other similar projections. The teimi "waviness" is liDiitod 
to tliose wrink.les in the skin that present gentle deviations from a 
fair surface. A surface is considered to be aerodynamically fair and 
smooth when further decreases in the amount of suiface roughness and 
waviness produce no change in the aerodynamic characteristics. 

Descriptions of the models, a list of the surface conditions 
studied, and an index to figures in which data for the various 
surface conditions are contained are presented in table I for the 
models considered heroin. 


TEST liETIIODS 


The tests of the practical-construction wing models were made 
in the Langley two-diiuensional low- turbulence timnel (designated LIT) 
and in the Lang].ey two-dimensional low- turbulence pressure tunnel 
(designated TDl). Tliese tunnels have test sections 3 feet wide 

•by 7 ^ feot high and were designed to test models conroletely spanning 

the Jet in two-dimensional flow. The turbulence level of these 
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tunnels amounts to only a few hundi’edtlis of 1 percent -’nd is 
considerably below that at which my effect is apparent on the 
critical Ee^niolds numher of a sphere. Tests in the TDT may he ma,de 
under pressures roiaging from ik.J to ].50 poi^nds per square inch 
absolute ; tlieref ox-e, by increcising the Umnel pressure higli Beyno3.ds 
nixmbers may be obtained at relatively low Macli numbox's. Hie Mach 
numbei’ of the tests was in no case gi’eater tlim 0.2. In these 
tunnels , lift is measured by iiitegratlnG tlie pi-essures along the 
floor and coiling of trie tunnel test section end drag is measured by 
the wake-suiTfoy s:iethod. Hie dx’s.g coefficients ai’o usually obtained 
at a apanwise position selected as a I’eprescntative section of tlie 
wing from a maiibex' of spiinwise surveys at a. low lift coefficient. 
More detailed descriptions of the methods used in obtaining and 
reducing data in those tunnels ai’o contained in reference 1. 

Surfaco-waviness measurements for the wind-tunnel models were 
obtained witli a standard Aiues dial gage mounted on legs spaced 

2— inches. The readings were reduced to dimensionless form by 

32 

subtracting the i'’eading of the gage when p3.a.ced on a flat sui'’fs.ce 
from the readings obtained witii the gage in vax’ious positions along 
the airfoil surface and dividing the dif f oronco by the airfoil chord . 


RESULTS AND DISCUSSION 


In the analysis of the effects of surface roughness and 
wavlnoss , the surfaces were assumed to be so smooth that tlie 
diffex-ences observed between tiie measured di’ags and the drags of 
fair and smooth models were related directly to the re3.ative extents 
of the laminax’ and tuxbulent boundary layers. Hie effects of surface 
rougiiness ox- w.aviness on dx’ag tlierefoi-e can be interproted essentially 
as tlie effect of this roughness ox- waviness on the position of the 
transition from the laminar to the tui’bulent layer. 

In order to derive an approximate -relation between the section 
drag coefficient and the position of trrinsition, section drag coef- 
ficients have been calculated by the metliod of reference 3 foi* 'the 
NACA 66^215)"1'-^ airfoil section at a section lift coefficient of 0.1 

and a Reynolds number of 20 X .10® for assumed positions of transition 
ranging from. 0.1c to 0.6c. (Soe fig. 1.) Hiose calculated values 
have been used througiiout the analysis vrhen an estima.te of the 
transition point on NACA 6-serles airfoils was required, since tlie 
variation shown in figui’e 1 is tliou^it to be reasonably repre- 
sentative of the alx’foil sections for which data are presented herein. 
The values of the section drag coefficient found for tx-ansition 
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at O.yOc or 0.60c are probably slightly/ hlghd'’ tlian those of fair 
and smooth ITACA 65- or 66-GerJes alirfoils, respectively, because 
at Eeynoids ntcabers up to approximately 20 X ].0 ® transition would 
probably occur slightly behind the miniirtuia pressure point. 


Effects of Surface Conditions 


S urface rouglm ess . In the conoidoratioa of the effects of 
sui’face roughness on the drog choi'aotex’is bics of practical- 
consti-uction wings, the separate effects of various steps in tlio 
finishing process have been detoi’mined. Photographs of models 1 
to 6, which are WACA 6-series airfoil sections, are presented as 
figures 2 to 7- The drag ohai-acteristics of these models with 
various surface conditions are rjrosontod in figirce 8. 

From figure 8(a) at a Peyx'.o.lds nimber of 20 X 10® the 
fo3.1oviiig drag characteristics may be obtained for model 1 
(WACA 65(216) -3(16. 5)(approx. ) aiifoil section): 


6tdp 

Surface condition 

®d 

Percentage 

improvement 

1 

Original, comouflogo painted; 
discontimilty at front 
spar ( 0 . 1.2c ) 

0.0036 


0 

L. 

Upper surface glazed over 
front spar; lower sui'face 
glazed to front spar 

.0070 

19 

3 

Upper surface painted to 
0.71c; lower surface 
painted to 0.12c 

.0058 

33 

4 

Both surfaces painted to 0 .flc 

.0052 

40 


An irreg*alarlty consisting of a rathcjr large flat spot existed at 
the front spar ( 0.12c) on both eiu’faces in the oi'lglnal condition. 
This flab spot was detected by rocking a st.raiglitedge over the 
sui’faccs in a chordwise direction. 'Hie lai'ge reduction in drag 
obtained fi-om stop 2 v;as probably duo to a partial fairing of the 
flat spot on the upper surface. Transition moved downstream but 
still occurred forward of t]ic minimuu pressure poinb as a result 
of the flat spot. Local glazing (step 2) ;;uid painting the model 
surfaces (steps 3 end 4) are not thou^it to alter the surface 
wavlness appreciably but rather to eliminate local nicks, dimples. 
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seams, and scratches. The fina3. value of the section drag coef- 
ficient of 0.0052 obtained with step 4 corresponds to transition 
at approximately 0.43c, or 0.07c ahead of the design position of 
minimim press\ire on an NACA 65 -series airfoil section. Since the 
model surfaces after step 4 were smooth and the middle spar was 
located at 0.45c, the remaining xmfaimess near the nose of the 
model appeared to be responsible for the premature transition. 

The following table shows the improvements made on model 2 
(NACA 66(215) -2l4 (approx.) airfoil section) at a Beynolds number of 
20 X 10®, as obtained from figure 8(b): 


Step 

Surface condition 


Percentage 

improvement 

1 

Original, unpainted 

0 .0070 


2 

Glazed and painted 

.005:) 

21 

3 

Refaired 

.0035 

50 


Hie drag was reduced 50 percent, although a reduction of only 
21 percent was obtained by smoothing tiie surfaces . In tlie unpainted 
condition, the section drag coefficient of O.OO7O corresponds to 
transition at approximately 0.24c. Figui'e 3 shows tliat numerous 
dimples caused by the rivets existed in the skin. Tiiese diirples 
were probably responsible for transition a,pproximately 0.10c ahead 
of the front sp.ar. Glazing and peiinting tlae model reduced the 
section drag coefficient to 0.0055. or moved trfuisltion to approxi- 
mately 0.40c. Transition at tliis point was probably due to unfair- 
ness at the fz'ont spar. Eef airing the model evidently removed the 
iri'ogularity at the front spar and the section drag coefficient 
was reduced to the value of 0.0035^ or approximately the same as 
that of a fair and smooth model of trie same section. 

The drag characteristics of model 3 (NACA 66(215)-ll6 airfoil 
section) are presented in figure 8(c) for a range of Reynolds ^ 

numbers and in the following tabl.o for a Reynolds number of 20 X 10 ; 


Step 

Surface condltloia 


Pei-centage 

improvement 


Oi’iginal (bare -metal skin) 

0.0062 



Glazed to spar Joint at 




0,32c 

.0055 

11 

3 

Glazed and painted over 




Spar Joint 

.0044 

29 

4 

Entire surface painted 

,0042 

32 

-_5__ 

Partly rpfalrod 

.0040 

36 
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The section drag coefficient cf the model in the original (hare- 
metaD.) condition, O.OObS, oorreoponds to transition at approximately 
0.32c. Dimples end local defects forward of the spar (fig. 4) 
probably c8,usod transition at that point. Hie glazing of the 
surfaces forw^a'd of the spar (step 2) rediiced the di-ag 11 percent; 
the section drag coefficient of 0.0055 co:n’espond3 to transition 
at about 0.40c. Glazing and painting over the spar joint (step 3) 
decreased the section du'ag coufficiont to 0.0044, or raoved transition 
to approximately O.pOc. Painting the entire mode 3. surfaces (step 4) 
brought about 31ttlo further Improvemon t . Gome vaviness at tlie spar 
joint at 0.32c (table I) was proba.b3.y respcnoib.lc for premature 
transition on model 3* The fina.l soebJon drag coefficient of 0.0040, 
however, shotis that the wavinoss did not cause premature transition 
up to approximately 0.55c. 


The di'8.g characteristics of model 4 ^Ni\CA 66(2.15)-ll6 

(a - 1.0, cj^ - 0.2 I, section) are; presented in figure 8(d) 

ja = 0.6, = -0.3.J / 

and in the following table at a Keynolds number of 20 X 10 : 


Step 

Surface condition 


Pei’centage 

lurorovoment 

1 

Originad - painted with 
zinc- chromate primer 

0.0056 


2 

Painted 

.0040 

29 

3 

Glazed 

• 0040 

29 


A total reduction in section drag coefficient from O.OO56 to 0.0040, 

01’ 2;) percent, was obtained by smoothing the model surfaces. The 
sudden increase in section drag coefficient at a Eeyno3.d.s number 

of 13 X lo'"' was thus eliminated, as shown in figuro 8(d). Rapid 
increases in section drag coefficient witli Reynolds number, similar 
to tiiat shown, are usually associated vritii surface roughness. Local 
nicks oi’ depressions near the rivets proba'^ly caused prema,ture 
transition at a Reynolds mmiber of 13 X 1.0 in the unpainted condition 
but were not large enough, to cause pi’ematTU’e trensition at lower 
Reynolds numbei’S . Hio flush riveting on this model was unusually 
smooth. The final section drag coefficient of 0.0040 is higher 


NACA TN Ko. II5I 


9 


•chan that of a fair ar).d. smooth MCA 66-ceries aii'foil section. 
Because the spar on this taodel was locabed at 0.60c (table I)^ 
waviness at the spar joint was not likely to he responsible for this 
discrepancy. Deviations from true contour in both the chordwxse md 
spanwise directions, as shown in figiire therefore, were probably 
responsible for the sligfitly hi^ drags in the finished condition. 


The section di’^g coefficient of 0.0037 for model 5 s 
!a = 1.0, cj^ = 0.2 ! jiirfoii section) 

la = 0.6, C7 . = -o.ir 


^lACA 66(215)-116 section^ found 

a.t E = 20 X 10^ (ftg. 8(e)) is nearly tiie same as that of a fair 
and smooth 66-series section, and conseq,uontly little or no i^^ve- 
ment was made by painting and sanding. Tlie spar location at O.bOc, 
combined with the use of a thick skin (table I), probably made 
possible the realization of low-drag characteristics to hi^er 
Reynolds numbers tiian have been found with moot models having spars 
located farther forward. 

Variations of section drag coefficient with surface condition 
for model 6 (MCA 66(215)-H6 airfoil section) are ahoi-m in tlie 
following table at a Eeynolds number of 20 X 10 , as obtained from 


Step 

Surface condition 

Cd 

Percentage 

improvement 

1 

Original - covered with fab- 
ric surfacor 

0.0066 


2 

Fabric surfacer sanded 

.0060 

9 

3 

Surfacor removed 

.0072 

-9 

4 

Glazed up to 0 . 15c 

.0072 

-9 

5 

Glazed up to 0.45c 

.0066 
i 

0 


No large decreases in section drag coefficient wore obtained by 
iimn’oving the sirf'.ce finish of model 6. In the best condition, 
that is, witii fabric surfacor sended, transition probably occiArred 
at ap’)ror.imatc?.y 0.35c, or 0.25c ahead of the desi&r f 

minim- im presevro. Th© surface material, wnich consisted of fabric 
doped to" the motal skin, evi.dently masked considerable mfaimess, 
for in the bare •metal condition the di-ag was 9 percent niglier than 
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that for the model in the original condition. The drag coef- 
ficient of 0.0072 for steps 3 and 4 voul.d correspond to transition 
at approximately 0.21c. Glazing to the rear spar (step 5) resulted 
in a section drag coefficient that would correspond to transition at 
about 0.28c. TVie model surfaces in this case were very smooth; the 
extreme surface waviness of model 6 therefore^ was probably responsi- 
ble for the high section drag coefficients. 

Ihe preceding observations of the decrease in drag caused by 
iicproving the surface finish and fairness of practical-consti-u.c tion 
wings at a Eeynolds number of 20 X 10® are summfarized in the following 
statements: Wlien spar joints or similar surface irregu3.arities 

occurred in a region of normally laiiijnar flovr, th.e section drag coef- 
ficients of several NACA 6-serios airfoil sections as received from 
the manufacturer rfuiged from O.OO62 to 0.0036. A coaibination of 
in^rovoment in surface smoothness and fairness obtained by glazing, 
painting, or minor refairiiig reduced those section drag coefficients 
by an .amount ranging from 0.0022 to 0.0035, depending upon the value 
of the original drags. Tests of two models having thick skins and 
spars placed at or behind the most re'irward position at which Laminar 
flow might be extjected yielded section drag coefficients very close 
to those of fair and smooth airfoils of corresponding sections. 
Elimination of minor surface roughness by local glazing and painting 
helped to maintain tliese values of the section drag coefficient over 
a rather large range of Ee;ynold.s mimber. Glazing and painting these 
models did not, however, eliminate the adverse effects of surface 
unfairness or wavinoss whore it existed, althou;?!:i the severity of 
these effects was usually lessened. 

S urface wavi ness . - In tiro consideration of the effects of 
surface wavineos on the drag characteristics of airfoil sections, 
the effects of roughness haivo been climlnatod by using data for 
smooth models only. Hie typos of waviness investigated were those 
associated with short -wave -length vrrinkles in the airfoil skin end 
with deviations from true contour over a large part of the cliord. 

The wrinkles, or waves, were detected by passing a surface gage over 
t)ie airfoil surface to obtain the waviness index d/c at a number 
of chordwise locations. Any deviation from a fair curve in the plot 
of waviness index against chordwise position is an indication of a 
8urfo.ee wave, alchougl:i the wuvixiess index does not give direct.ly 
either the length or mafpiltude of the wave. When the spacing of the 
legs of the gage is approximately a constant fraction of the airfoil 
choi-d, however, the deviation of the chordwise variation of the 
w.aviness index from a fair curve is a satisfactory moans of comparing 
the relative waviness on different airi’oil models . Deviations from 
tme airfoil contour over a le.rge part of tlie airfoil chord were 
investigated in one case by checking the model contour with a templet. 
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Feolor gagea iiieerted "between the templet and the airfoil curface 
wore used to measure the deviation from tlio true contour. 


Tl-ie surface waviness on two models was reduced 'beyond the 
point where an effect on drag was noticea"ble . Hie two models were 
model 7 (the KACA 66(215)-UA airfoil section) and model 3 (the 
NACA. 66(2yl5)-ll6 airfoil section). The drag characteristics of 
models 7 s^d 3 could then "be comrpured with those of otiior smooth 
models of similfxr airfoil section to determine whether tlie drag 
characteristics of the other models were adversely affected by 
surface waviness and, if so, to what extent. 

A photograph of model 7 Ic presented as figure 9 * drag 

characteristics of this model with two conditions of surface waviness 
are presented in figiu-e 10, and the waviness measurements for the 
two sirrface conditions ai’e presented in figure 11. Almost no 
difference was found in the drag characteristics with tlie two 
waviness conditions, althougti inspection of figure 3.1 shows that in 
the faired condition the model surfaces were considerably more fair 
than in the "as -received" condition. Because a marked reduction in 
tho surface waviness thus had no ai^paront effect on the drag character- 
istics of model 7, it was thouglit that transition probably moves 
foiward' as tho Eoynolds numboi* incrocisos even if no waves exist. In 
order to investigate the possibility of this phenomena, di’ag coef- 
ficients were calculated for several Eoynolds nimibers by tiio method 
of roferonco 3. For tiiose calculations it was assu.ued that temsition 
would occur at a const;.nt va3-ue of Eg (Ee;Tio3.dG number ba.sed on the 
effective botmdary- layer thiclmess) unless the particular value 
of Eq chosen occurred behind the position of minimiun pressure . 
Estimation of t)ie transition point in an adverse pressure gradient is 
ratlier involved and was not considered of sui'ficient interest in tb.o 
present paper to be Included. The position 01 transition was estimated 
for several assumed values of Eg between 65OO and 8p00 by use of the 
following equation obtained from reference 4: 

Px 

7.17 I 
X Jo 

The use of a constant value of Eg of oOOO vas found to provide 
the "best over-all agreement hetwoen the calculated and yxpc^rimcntal 
eection drag coefficients* Although tho calculated -drag and 
exporimontal-drag curves of figure 10 do not agree very closely at 
Rejaiolds nvmbers he tween 20 X 10 o.nd 30 ^ 10 ^ section drag coef- 
ficients obtained o3cporimcntally and theoretically are in good 
agreomont for Reynolds nuLibors bo tween 30 X 10^ and 50 X 10®. At 
Reynolds muabors between 20 X 10^ and 30 X 10^ ^ the higher drags of 
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the crperinental refnilts '^oulcl havo fcecn canacd by vez'y umall 
particico of lin': su.d Ins iv adJiOrir.3 to the rxirfoil surface. Tlie 
model Gurfacoe wore pa;ctly pux:i':ed snd glazed, and part3.y bare metal 
for the faired cordiTion. In tlio past, unpolished metal eurfaces 
have often been fcmid to pz’ot’i-nt proator OJLi'ficu.lties in ol.Uai- 
nating dust -and othei partj C.I..00 than do higii -gloss or polished 
sui'ftxces. An accum''iietiou of stikJ.I dnat particles could bring abou.t * 
small dxDtrirbfuicos in the ia:-viirm‘--flow layex’ that would produce dligjit 
prem..ture fori/ard mov eluents of transiticn. 

Although the vaj.uo of Bg of 8OOO wos obtr.in(.>d by tidal and 
error in an attempt to obt; .;lii corre.lation between the experimental 
and c-a.lcula.ted cni-vee^ reference U indicated that under one set of 
conditions transition was found to occur on an alrpiane wing in 
fli^it at values of between 8C00 end 9500- 

Drag-scale -effect oij-rvea were odso obtained for model 8 (the 
NACA 66(2 :c1 :') -116 airfoil soction) under bro con-iitions of surf .ace 
waviness. A photograph of this model is presented as figure 12, 
drag characteristics are pi'eounted in fig^n-a 13, and waviness 
measiiroments are pi’eseritod in figure 3.4. Vlith tlie airfoil camoufla.ge- 
painted -end sanded, consi3.erablo vm-.viness existed near the front spar 
3.ocated at 0.39c (fig- -4). A. reduction in waviness .at that point 
had a very small effect on the characteristics, bringj.ng about 

a I'eduction in sectj.on drag coefficient of approxlm.ato3,y 0.0002 at 

Dey;.io3.ds numbers between 30 >< 10® .and pO X 10 (fig- 13)- In the 
faired condition, the mcdel surfaces wore -approximately as fair as 
it was pi'actical.3,y fonsiblp to mr.lco tiiom. Cn.lculaced drag curves 
for critical valxies of T?g ,v->f 8C00, 3f00, and 9OOO are presented, 
together witn expciumontij, date, in figure 13- Very good agreement 
was obtained between the cxporj.mental values and the calculated 
values for R5 9000. 

Because it was poscib.lo to calcu3.-:ite fo5’ model 8 both the value 
of the Reynolds number at- which mj.nimur;i drag occun’ed and the value 
of the section drag coefficients at aigii Eeynolds numbers , it a,xipearo 
that it is poosi3i3.e to approxijaa.te th-e di’og-scale -effect cur'.'"e for a 
sxoooth and fair -aii'foil by assuming tiiat transition occurs at a 
critical va3.ue of Kg between 3000 uni. 9OOO when it does not occui' 

<3.s a result of reversal in tlic pressure gr.adiont. Because reductions 
in t3xe .ariount of surface wavinc3SG brou(iit about 3.ittle moa8urab3.e 
change in section drag coefficient, the waviness existing on either 
model 7 or model 8 did not appear to bo sufficiently great to affect 
the di’ag char. ac tori 3 tics of these airfoils o.t 3.oast at Reynolds 

muabors between 30 ^J:id pO ^ 3.0®. 
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Tfie drag characteristics of a mAraber of smooth NACA 6 -series 
practical-constiuction airfoil sections were compared with those of 
models 7 snd 3. Anj models for which the drag coefficients fell in 
the range between the drag coefficients for models 7 and 8, which 
have beerx shoTOx to be fi'ee of barmfuJ- wa.vine3S, could also be 
considered reasonably fi’ee of liarmfiil waviness. Any model for which 
the drag coefficients were greater than those of model 7 > on the 
other hand, were thoixgxit to nave sufficient waviness to induce 
premature transition. 

A photograph of model 11, tiie illCA 66,2-115 airfoil section, is 
presented as figure 15 , and tlxe drag characteristic.s of models 5> 6, 

7, 8, 9 (tlxO NACA 66(215)-(1.25 )i6) , 10 (the NACA 66,2-115)} and 11 
( the NACA 66,2-115) are presented in figure I6. T!ie waviness 
meo,3urements for models 5, 6, 9, 10, snd 11 are presented in figure 17 . 

With the exception of model 6 sJ.1 the airfoils for which data 
are presented in figure I6 had the same value of minimum section 
di’ag coefficient. The drag-scale -effect cvirro for model 5 rose above 
that for model 7 at a Heynolds m’JTiber of 24 X 10^. Figuere 17 (s.) 
shews that model 5 had rather large wax'-es near’ the leading edge on 
both surfaces . Waves near the l(;ud.ing edge that produce variations 
in the waviness index simi3.ar to the vari:.vtions Dho’iv’n in figixre 17(a) 
con bo considorel roprosontative of those the,t x^ouid have an adverse 
effect on the position of trmsition, at least for Eeynolds numbers 
between 24 X 10'^’ .and 32 X ].0®. The drcg-scalo-offect curves for 
models 9 ■'SJ^d 10 fell between those foi* models 7 and 3. The vraves 
existing on models 9 ->iid 10 were probably not S'officiontly 3.argo to 
cause promaturo transition over the F.ex'Tio3.ds nuxiber range for which 
data we'.’o obtsdnod. TiiG wfexviness data for mC’dsls 9 and 10 presented 
in figures 17(b) and 17 (c), respectively, give examples of per- 
missible waviness if premature transitioxi is to bo avoided up to 
Royno3.ds nuuibexmof a.t least '35 X 10 ■" an.d 20 X iO®, I'espectively . 

Tlxe section d.rag coefficients of model 3.1 (fig. 3.6) wore greater 
thfiii tiiose of model 7 ut Reynolds numbei’S above I6 X 10" . Figure 3.7(d) 
shows that waves exlstl.ng on model 11 produced a nun'ber of large 
variations in the wavirxess index. Such waviness ms.y be considered a.s 
representative of tixat which xrill cans premature transition, at least 
for Ecjnic.lds ixuroibers between 16 x 10^ oxXd 20 X lO®. The section di-ag 
coefficients of mod.ol 6 are extremely hl^ as compared with those of 
t.he other models for vrhich data ax’e pi’ossnted in figux’e I6. Tlie 
extromo vrax'iness of this m.odel as showix in figure 17(c) presents an 
example of waviness sufficiently sovea-e to cause premature transition, 
at least for Eeyixolds ixumbera above 8 X 10®. It may be noted in 
tab.le I that model 6 was censtructad with sp^snwise hat-section 
Gtiffenei’S, the flanges of which were rather lieavxr xxith respect to 
the 3.irfoil shixx. The other models for which data, s.re presented in 
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figiire 16 vere conotructed with chordwise stiffeners. Somewhat 
greater difficulty n;ay he experienced in constructing airfoils with 
fair contoui’s when spfuiwise stiffeners that are heavy with respect 
to the airfoil skin are used. 

Photographs of model 12 (the NACA 23OI5 (approx.) airfoil 
section) and model 13 (the NACA 23016 airfoil section) are 
presented as figures I8 and 19, respectively. The variation of 
section drag coefficient with Eeynolds number for t)ieso t'/o models 
is presented in figure 20 and the waviness measurements are pre- 
sented in figure 21. 

The lower drag of the two models was obtained with model 12, 
which had a section drag coefficient of 0.0057 a Eeynolds number 
of 20 X 10® (fig. 20) . A fair and smooth NACA 230-series airfoil 
would protally have approximately the same section drag coefficient 
as model 12^ at least up to Reynolds numbors of approximately 
20 X 10^. The waviness existing on model 12 (figo 21(a)) in the 
region where laminar flow might ordinarily be expected^ that is, 
up to approximately 0.12c on the upper surface and 0.20c on the 
lower surface, evidently had no adverse effects on the drag of this 
model up to Reynolds numbers of approximately 20 X 10® . Because 
the waviness characteristics of models 12 and 13 were similar as 
far back from the leading edge as approximately 0c40c (figs. 2l(a) 
and 2.1(b)), the waves existing on model 13 in the laminar-flow 
region also probably had little effect on the (3rag characteristics. 
The extreme waviness of model 13 behind the 0#40c position was 
probably due to the veiy thin skin of this model (table l) . The 
skin was known to vibrate considerably during the drag tests. It 
is possible, therefore, that such vibration was responsible for the 
fact that model 13 had generally higher drags than model 12. 

An example of a model that shows the effect of deviation from 
true airfoil contour over a large part of the chord is model 4, for 
which (irag data are presented in fig'ore 22 and surface unfairness 
(deviation from true contour) and pres sure -distribution measurements 
are presented in figure 23. The effect deviation from contour 
(fig. 23(a)) on the pressure distribution was to increase the 
velocities ever the first 50 percent chord above the theoretical 
velocities and to move the minimum pressiure point from 0.60c to 
approximately 0«50c (fig* 23(b)). A comparison of the drag charac- 
teristics of model 4 with those of model 7 (fig* 22) shows that the 
deviations from contour had little effect on the drag of mcdel 4 at 

Reynolds mmibers below 26 x 10® but at Reynolds numbers greater than 

26 X 10*^ the drag of model 4 tended to be greater than that of 
model 7* 
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C omDayi 3 on of NACA 6 ~ and 2 '^,0 -s or i e 3 oi 1, _ sc ct.~i.pii . ■ In order 

to determine whether the relative merits of airfoil sections of 
different series are masked hy construction defects, the drag 
characteristics of several NACA 6“ and 23O -series airfoil sections 
have heen compared. 

Drag data are presented in figure 24 for models 2, 8, 12, and 13* 
Figure 24(a) shows little difference in the section drag coefficients 
of the NACA 66(215)-2l4 (approx.) and 23016 airfoil sections in the 
original conditions, although the drag of the NACA 66(215) ~2l4 (approx.) 
airfoil section is much lower than that of the NACA 23016 airfoil 
section in the finished condition. Comparison of the drags of the 
NACA 66(2x15) -116 and 23OI5 (approx.) airfoil sections in figure 24(h) 
shows appreciahle difference in drag of the models in the original 
condition hut a much greater difference in the smooth condition. From 
these data the differences in drag associated with smooth NACA. 23O- 
and 6 -series airfoil sections, as constructed, appear to he conslderahly 
reduced if not entirely masked. 

Comnarison of drag of airplane win^ and practical -construction^ 
wing model . - A comparison has heen made in figure 25 of the drag 
characteristics of a smooth practical -constDruction wing model having 
the NACA 66(215) -2l4 (approx.) airfoil section and a smooth tost panel 
of an airplane wing having the NACA 66(215) -2 (14-7) airfoil section. 

The airplane wing panel had heen carefully faired to eliminate any 
protiiherances or waviness due to wing Joints or access doors. Both 
the airfoils used had NACA 66 -series sections with thickness ratios of 
approximately 0.l4. 

In figure 25 at section lift coefficients helow O.3, the 
practical -construction wing model had lower drag than the airplane 
wing panels ■whereas, at hlglior section lift coefficients the reTorse 
was true. Since data for the airplane wing were obtained in flight, 
it is difficult to detennine whether the higher drags associated with 
the airplane wing were duo to buckling under load at the time that 
the data were obtained. It is possible, however, that vaviness on 
the airplane wing existed relatively far back on tho wing surface, 
and the adverse effects of such waviness were noticeable only at the 
lower section lift coefficients. Furthermore, similar vaviness that 
was not large enough to cause prematiire transition under the favorable 
press'ure gradient existing at the low section lift coefficients might 
have existed closer to the leading edge of the NACA 66(215)"2l4 (approx.) 
airfoil section but, under a less favorable press'ure gradient at section 
lift coefficients above 0.3^ such waviness might well have resulted 
in premature transition. 
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Sffecte of Cc: 7 ipi’eBG:i.v& Load and De-Icers 


Effec t of c ornrpressj.ve load .- 'nao ofi‘‘oct of defor^mtlon^ or 
wavincGS, of bl’e wing s’cln in flight presents a furtl^or ohstruction 
to the realisation of the design dra^; onaa.'ac’:.eri sties of airfoil 
sections. For t:.is 'reason tvro Vjtig panels, rr.odel.3 9 14, 

constiiictcd at tlio Lengj-er Laboratory of t/ie ITACA. ( reference 5)^ 
were dosj.gned to retain ‘ifieir tiTie ooxi+',onr xmder i.oads ord:lnii.rily 
encomrbex’ed in flifgiit. d„:e drag charsotex’istics of these sections 
wei-o sieasurod befox’e being sab^’ooted to coiapx’OBSive load. Coia- 
prcsslve load wo,s then ciittim.&tel,y applied and removed, each 
successive load orceodiiig the ].act, raitil eoiao failure of the w5ng 
was detected, vfit.;, both wings, local sIipp.ago of the rivet }?eads 
OX’ cx’usliing of tho skin aroxuid the x’ivets. oeaxprised tlie solo 
peixtijanont dof omdion of the models . 'foe drag cliax’actoriGtics of 
the mode]-3 were then dei.eKiined. again. Fox* a tj-h-X'd. aix'foil mod.el, 
model 19, which was constructed by a Kumufactur'er, tl:c drag was 
measured while coixprcsolve load wes boiiig app.lied. 

Fhotogi‘ap:'ie of modoj. l);- (tine IfAC.A C6( 21^) -(l.2t>)l6 airfoil 
soction) and model 15 (the 1;ACA 69(216) -£19 (approx. ) airfoil 
section) arc presented as fig-uxos 26 end 27, rcspcctivclxr. H:c 
drag chax’ac tori sties of models 9; d’l-j end 3.5 are presented in 
figure 28. With tile exception oi* t3ie stiffener spacing between 
spars, models 9 siid l4 wore idontic;a3. (table I). Hxeso models x^ere 
xinpainted but vox-o g.\aced locally at iixo fx’ont sp)ax’ and over the 
rivet heeds. Inspection of figiu-os 28(a) end 28(b) shows that the 
dx’ag coefficients for these tx/o models at Feynclds nxxmbx.rs above 
20 X 3.0® wei’e somovhat lower fox- the after- loading condition than 
for the boforo-lo.oxLing conditicn. b’lien the model snx'faces -wore 
cleaned and refinishod after bcixxg sx'b^^ected to tho cormressive 
loads, the models were probibly xnode araootixor tasxi fox* tho aero- 
dynamic- tests conducted hofc:ro uhe coirroi’ossivo loads voro applied. 

Tho sliglit protxiborences of the rivet headc caused by the coxxpressive 
loads, hox-rever, wore not removed by the finishing process. On fee 
basis ox? tlioee tx^ro tests, thie type of cc-nstxuction emp3-cyed appeared 
sufficiently good to allow x-eallzation of the soction drag coefficients 
usuod-ly associated with EACA 66-scries airfoil sections at Reynolds 
numborcB up to appx-oxoimatcly 30 X 10®. In o-ddition, model 9.1 wi'th 
stiffeners spaced 3 inches on centers, appeared to offer no particular 
aerod-ynailc a,dvantago cvei* rx;del 1^4-, with stiffeners spaced 6 inches 
on centex’s; and the adverse effects of the coE^irossix/e iosds e.ppeared 
to bs so swa.ll that these effects \xore complotelj' mxislvod by slight 
ixxrorovements in surface finish. 


Model 15 , dosignsd for the wing of a fightex’ bomber, vxas 
subjected to conpx’essivo loads up to a load that was thou^^t to 
correspond to a load of 1.5g for the aixplane. These loads wore 
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applied by a hydraulic Jack rao'.mted w'.thin the wing, which was 
fixed in tii© tunnel. Figin.'’© 23(c) shows that with tiie laodel under 
a load sufficient to pi’cluce slight waviness (l-Og) little or no 
effect on tlie' drag was foruid, hut tiiat vriL'th the node! undei’ a 
load great enough, to produce soi;ie penaanont defonicition of the 
sliin (l.5s) waves existed that were serious enough to bring ahoi’.t 
a sharp increase in drag at a Reynolds niiaiber of 20 X 10®. 

For the cases Just considered, slight permnent set in the skin 
or rivets of the wings caused by coE^pressive loads had little or no 
effect on the drag characteristics. Mills tlie wing was experiencing 
load sufficient to produce such defoi'me.tion, however, the drag 
characteristics were £«lve.rse.?.y ai“fected to a considerable extent. 

Effects of de-ic ers.- Ds,ta are presented in figure 29 for two 
airfoil models equipped with leading-edge de-icer boots. Tiiese boots 
consisted of rubber sheets attached to the wing surface and were 
ta.peT'ed to a fine edge on the upper end lower sirufacea of the air- 
foil at the point where they faired into the wing contour. 


A 0 . 075 c de-icer boot on the leading edge of laodol 15 (the 
NACA 65 ( 216 ) -215 (^ipprox .) airfoil sectlcn) caused a sectlon-drag- 
coefficlent increiaent amouriting to 0.0025 or 0.00 30 (fig. 29(a)), 
whereas s, similar 0.15c de-icer boot caused increments of approrfmately 
O.OOUO. A 0.10c de-icer boot on model 12 (the NACA 230-15 (approx.) 
airfoil section) caused section-drag-coefficient increments of approxi- 
mately 0.0010 (fig. 29 (b)). The total section drag coefficients of 
the KACA 6-series with the 0.075c de-icer boot and the N-iC..A 23 OI 5 air- 
foil with the 0.10c airfoil de-icer boot we];’e approximately O.OO 7 O at 
Reynolds nimibers between 10 X 10 ® and 32 x 10®, whereas tlie drag of 
the NAC.A 6 - series airfoil with tlie 0.15c de-icer boot was somewhat 
greater, at least at Ee;;mo3.ds numbers up to 10 X 10®. It would appear, 
then, that not only are the di'Cigs of airfoil sections increased 
considerably by the addition of loading-edge de-icer boots but that 
tlie diffcroncoa in (drag usually associated with airfoil sections of 
different series are m.isked, at least for thiclcioss ratios of approxi- 
mately 15 percent. 


CONCLUSIONS 


Fi-om the analysis of the dra,g characteristics of practical- 
construction w:lngs, qu:antiiiativo data wore obtained that indicated 
the sizo, number, and locations of surface waves sufficient to induce 
premature transition at Reynolds n’ombers gi’oator then 9 ^ 10 ^, at 
Reynolds niunbers greater than 16 X 10®, at Reynolds numbers greater 
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than 2k X 10 and for wr..ve£; at did not ‘bring aho’at pres-iature 
tranoitlon, at leact for i^evnolds utji;1>o:.s np to approximately 
50 X 10®. In addition, the following oonclnsions were ottainedJ 

1. ’'.vheu spar joints or si}nil8r' sir.l'aco di scontinuitlGS occtirred 
in a region of noiT’aU.y laminar flow, the sec'-.ion drag coefficients 
of sowerral practiccl-co/jiGti''i''Ct/ion wings in tho "no-recoived” 
condition i’anged from. 0.006L ‘to 0.0036. jCnproTeuent in siu'face 
smcoymess and decrecae of arxtt.o,ca wavinoss at the epaz’ joint often 
decreased t).!e section drag cc efficients by en. aiaoiint rjmging from 
0.0022 to 0.0035> dopending upon tho Da.gnitudo of sui-face z-oivv^hess 
snd wavinoss in the as-rsceitfod coudition. In some cases nearly 
half ‘iiho decrease in drs.g ccefficieno was as3ocio,ted with decreases 
in surface wariness . 


2. Smooth pr-.ctiC'Ll-cons zrT;.ction, .’lodcls with relatively hea.vy 
slcln end witl') the spaz’ joint p3.aced at oz' behind tho most reaiwai’d 
posit.ion at which ]ai:d.aar f-loz-r mipht be ejqjocted yielded 'ii-ag coef- 
ficients that closely appz’oeched those oz' a fail'’ and smooth aiz’foil 
section. 

3. It was possible to ca.lcul&.ta witir: I’eascnable accuracy the 
vaz’ie.tlon of section-drag coefficient with Ih/.'nolds number, at 
least between i:oync.lds izrmbei’u of 30 X 10® and pO 10®, for two 
sroDoth NACA 6-soi’ios c'j.i*foi.l models on zrhich tiie su^ti'ace waviness 
had been reduced beyond tho point where am effoc'z was noticoablo on 
dimg. It was assTiciod foi’ the calculations that tz'ausition occuxu-od 
at a value of the llciuiclds mc'ibc'r based cn tho bounds I'y- layer thick- 
nose R 5 between SCOO and 9000, if ‘Gransi izlon did not occur as a 
i'' 08 ult of an unfa/OT’able pi’cssuro gradient. Some o:d. sting f.light 
moasui’eiaonts of bor.ndi'ry-layor tz-ansiticn at modorabely higii EeimolcSs 
numbers indicated that tlzis range of values of Bg was within that 
found in flight. 

. Tho impi-ovcmont in siurfaco Eriico'^iiao)S.s and waviness broujgit 
sbout by glazing, painting, axxd lif.nor I'cTaii-ing ’irus in most cases 
sufficiont to i-cducc tiio dz-ags of zmTinishod practical- construction 
wings to z’alixGS closely appz’oachlng those for s fell’ and siriootj:i aii’- 
foil model of corz’o spending section, at least at Ee;;>'r.oldo numbers up 
to appi-'oz;imatcly 20 X 10°. 

5 . Tho ci.iffei’enccs in dz’ag usually associa'ced wj.th aiz-foil 
sections of diffoi-ent so.ries, if not entirely laasked, \rerc consider- 
ably reduced by construction iz'rofajlari bioc . 

6. Slight pemanen''; set of thie w.ing sJcin or rivets caused by 
comprossivo loads produced .li'btlo or no adverse effect on tho di-ag 
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characteristics of two wing sections designed to retain true contours 
under loads usually encountered in flight. While the wing was 
experiencing load sufficient to produce such deformation, however, 
the drag of the wing was considerably higher than the drag of the 
unloaded wing. 

7- Airfoil sections having thickness ratios of approximately 
15 percent and equipped with de-icer boots on the leading edge had 
section* drag coefficients of^ approximately O.OO 7 O over a range of 
Eeyno].ds number from 10 x 10 to 32 x 10 . This value of the section 
drag coefficient, furthermore, seemed to be independent of the air- 
foil section upon v^hich the boot was mounted. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., July 11, 19^6 
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TABLE I.- MOIEL DATA AND DESCRIPTIONS 


» 


Model 

NACA 

airfoil section 

Manufacturer 

Chord 

(in.) 

Condition 

Figure 

Photograph 

Model description 

1 

65(216)-3(i6.5) 

(approx.) 

A 

100 

Bare metal 
Original, camou- 
flage painted 
Sanded 

Glazed to 0.12c 
Upper surface glazed H 
behind 0.12c 1 

Lower surface glazed | 
to 0.12c ^ 

Upper surface uaintedi 
to 0.71c ' L 

Lower surface tainted f 
to 0.12c ‘ J 

Both siu^faces painted 
to 0.71c 

3(a) 

8(a) 

8(a) 

8(a) 

8(a) 

8(a) 

2 

Spars at 0.12c, 0.45c, and 0.71c. Cliordwlse 
Q-etrlngers and spanwise 2 -etrlngers on upper 
surface; chordvlBe C -stringers on lever surface. 
C -stringers 0.088 inch thick on upper surface 
and 0.0148 inch thick on lower surface. 

Z “Stringers 0.107 inch thick. Skin of 
0.094-lnch thickness fastened to spars with 
Phillips head screws. Countersunk rivets. 

2 

66(21*3) -214 
( approx. ) 

B 

81 

Bare metal 
Glazed and painted 
Refalred 

8(D), 2Ma) 
8(D) 

8(D), 24(a), 
25 

3 

Spars at 0.35c and 0.70c. Metal skin fastened 
with flush-type rivets. 

3 

66 ( 215)-116 

C 

• 

34.9 

0rJ.ginal, hai’e 
metal 

Glazed to 0.32c 
Painted to 0.32c 
Glazed and painted 
behind 0 . 32 c 
Painted all over 
Painted and pai'tly 
refaired 

8(c) 

8(c) 

8(c) 

8(c) 

8(c) 

8(c) 

4 

Single spar at 0.32c. All-metal skin. 

li 

_ 66 ( 215 )-ll 6 

r - =1.0, c 7, ^=0.2, 1 

D 

85 

Original, painted 
with zinc- 
chrcmate primer 
Painted 
Glazed 

3(d) 

8(d) 

8(d), 22, 23 

5 

Single spar Just behind 0.60c. Skin of 0.125-lnch 
thickness forward of spar stiffened on each sur- 
face with one chordwlse flush-riveted stiffener. 
Riveted Joint at leading edge. 

!) 

^ 66(215)-u6 

>a— 1 . 0 , cij—0,2 

C 2 ^=- 0.1 

D 

85 

Original, painted 
with zlnc- 
chrcanate primer 
Painted and glazed 

8(e), l6, 
17(a) 

8(e) 

6 

Saioe as model 4. 

6 

66(215 )-n6 

C 

100 

Original, covered 
with fabric 
ourfacer 
Sanded 
Bare metal 
Glazed to 0.15c 

Glazed to 0.45c 

8(f) 

8(f) 

8(f) 

8(f). 16 , 
17(e) 
8(f) 

7 

Spare at 0.15c and 0.45c. One J -stiffener at 
0.04c of 0.C68-Inch thickness. Spanwise 
“LP-stlffeners 0.047 Inch thick spaced 0 . 05 c on 
centers between spars. Skin 0. 05 inch thick up 
to 0.45c. Riba from, rear spar to trailing edge. 
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TABLE I.- MDIEL DATA AND OESCORIPnOlIB - Concluded 


[ND 


Model 

NACA 

airfoil flection 

Manufacturer 

Chord 

(in.) 

Condition 

Figure 

Photograph 

Model description 

7 

^(215)“^** 

C 

85 

As I'ecelved, hare 
metal surfaces 
Botli surfaces 
faired 

10, 11 

10, 11, 16, 
22 

9 

Spars at 0 . 08 lc, 0 . 373 c, 0.688c. Behind front spar 
skin was O.675 Inch thick, huilt up of 0 . 5 -inch 
halsa sandwiched between duralumin sheets. Skin 
cyole-welded to internal stmcture. Part of 
the airfoil ahead of the fixjnt spar formed of 
0,125-inch duralumin sheet. 

8 

66(2xi5)-n6 

E 

99.2 

Camouflage 
painted 
Original, hare 
metal 

Glazed to 0.7c 
Faired 

13, lit, 16 

2Mb) 

13, 14 

12 

Chordwlse seam to 0 , 8 c. Chordwlse rov/ of rivets 
from loading edge to trailing edge. Spar at 
0.35c with forward part fastened hy counter- 
sunk Phillips head screws. 

9 

66(215)-(r.25)l6 

F 

72 

Glazed 

16, 17(b), 

28(a) 


Spars at 0 , 15 c and 0 . 72 c, Solid end rlhs, false 
nose and tall rlhs spaced at 6-lnch intervals. 
Chordwlse hat-section stiffeners spaced at 
3 -inch Intervals between spars. 

10 

66 , 2-115 

G 

80 

Camouflage 

painted 

16, 17(c) 

— 

Spars at 0,125c and 0,585c. Skin O.O67 Inch thick. 
Chordwloe stiffeners between spars wl\h false 
nose and tall rlhs. Spot-welded consti’uctlon. 

11 

66 , 2-115 

G 

80 

Camouflage 

painted 

16, 17(d) 

15 

Same as model 10 except flush-riveted construction. 

12 

23015 (approx.) 

H 

100 

Camouflage 
painted 
Original, hare 
metal 

0,10c de-icer 

20, 21(a), 

24 (b), 29(b) 
24 (b) 

29(b) 

18 

Spars at 0 . 105 c and 0 . 605 c. Skin O.066 Inch thick. 
Spanwise L- stiffeners ahead of front spar 
0,056 Inch thick. Metal skin fastened to 
interior structure hy countersunk flush rivets. 

13 

23016 

C 

100 

Camouflage 
painted 
Original, 
I>alnted with 
zinc -chromate 
primer 

20, 21(b), 
24 (a) 
24 (a) 

19 

Single spar at 0 . 3 c. Skin of 0 . 047 -lnch thickness 
forward of spar and 0 . 015 -inch-thlck skLn behind 
spar. Spanwise J-stiffeners aliead of spar 
0.052 Inch thick. Flush -rive ted. 

14 

66(215)-(1.25)i6 

F 

72 

Glazed 

26(b) 

26 

Same as model 9 except chordi/lse stiffeners 
spaced 6 Inches on centers. 

1? 

65 ( 216)-215 

(approx.) 

J 

97.3 

Glazed 

0.075c de-icer 
0.15c de-icer 

28(c), 29(a) 
29(a) 
29(a) 

27 

Spars at 0 . 215 c and 0 . 6 l 5 c. Skin approximately 
0.0625 Inch thick. Chordwlse hat-section 
stiffeners spaced approximately 6 Inches on 
centers between spars. 
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Section drag coefficient 


NACA TN No. 1151 


Fig. 1 




figure 2.- Model of NACA 66 ( 216 ) -3 ( 16 . 5 ) (approx.) practical-construction 
airfoil section with bare-metal surfaces. Model 1. 




NACA TN No. 1151 Fig. 





(a) Side bottom view. 

Figure 3.- Model of NACA 66(215)-214 (approx.) practical-construction air- 
foil section with unpainted surfaces. Model 2. 


NACA TN No. 1151 Fig- 3a 
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NACA TN No. 1151 Fig. 3b 



Figure 3.- Concluded 




Figure 4.- Model of NACA 66(215)-116 practical-construction airfoil section 

with local surface defects glazed. Model 3. 


NACA TN No. 1151 - Fig. 4 





(a) Upper-surface templet. 

Figure 5.- Model of NACA 66(215)-116 | _ . 

La - 0 . 6 > c 7 , 

1 

practical-construction airfoil section. Model 4. 


0.2 1 
-O.lj 


NACA TN No. 1151 Fig. 5a 
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NACA TN No. 1151 


Fig. 5b 
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la) Nose templet, model erect. 


0 . 2 

- 0. 1 

practical-construction airfoil section with surfaces 
painted with .zinc-chromate primer. Model 5. 


Figure 6.- Model of NACA 66(2151-116 
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NACA TN No. 1151 Fig. 6a 









Figure 


7.- Model of 
with 


NACA 66(215)-116 practical-construction airfoil section 
surfaces glazed and smooth to rear spar. Model 6. ■ 


<3 


NACA TN No. 1151 Fig. 




Section drag coefficient, c^ 


Siorface condition 


G Original, camouflage painted 

-I- Li^tly sanded 

□ Both surfaces glazed to 0.12c 

^ Upper surface glazed behind 0.12c 
Lower surface glazed to 0.12c 

^ Upper surface painted to 0.71c 
Lower surface painted to 0.12c 

V Both surfaces painted to 0.71c 



(a) Model 1, NACA 65(2l6)-5(l6*5) (approx.) airfoil section. C| = 0.2; tests, TDT 511 and 
Figure 8.- Effect of sxirface improvements on drag characteristics of airfoil sections. 


NACA TN No. 1151 '■ Fig. 8a 


Section drag coefficient, 


IDT 

Surface condition teat 

o Original, iinpainted 255 

+ Glazed and painted 26k 

O Refaired 
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(b) Model 2, NACA 66(215)-2l4 (approx.) airfoil section. Cj = 0.15. 
Figure 8.- Continued. 


Fig. 8b NACA TN No. 1151 


Section drag coefficient 



Surface condition 

ODT 

test 

G 

Original, bare -metal skin 

192 


Glazed up to spar joint (O.JZc) 

194 

196 

□ 

Painted to spar joint 

<0 

Glazed and painted over spar joint 

198 

A 

Painted all over 

202 

V 

Painted all over; unfair surfaces 



partly refaired 

205 


.012 

o 


.008 


.004 


0 k 8 12 16 20 24 28 32 X 10^ 

Reynolds n\mber, R 

(c) Model 3, NACA 66(215)-ll6 airfoil section. Cj = O.I8. 

Plgvire 8.- Continued. 
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NACA TN No. 1151 Fig. 8c 


Section drag coefficient^ 



Surface condition 

TDT 

test 

G 

Original^ painted with 

562 


zinc -chromate primer 

+ 

Painted 

565 

□ 

Glazed 

565 



(d) Model 1|, NACA 66(215)-ll6 



1.0, cj^ = 0.2^ 

0.6, ci^ = -O.lJ 


airfoil section. 


cj = 0.1 , 


Plgiire 8.- Continued. 


Fig. 8d NACA TN No. 1151 


Section drag coefficient 




G 


TDT 

Surface condition teat 

Original , painted with 6 I 4 JL 
zinc -chromate primer 
Painted and glazed 685 



[a = 1.0, c^. - 0.2] 

(e) Model 5, NACA 66(215 )-ll6 airfoil section. C|. = 0.1, 

Figure 8.- Continued. 


NACA TN No. 1151 Fig. 8e 


Section drag coefficient 


o 

+ 

□ 

O 

A 


ODT 

Surface condition test 


As received, covered 
with fabric surfacer 
Sanded 

Fabric surfacer removed 
(bare metal) 

Glazed up to 0.15c 
Glaze(J up to 0.i|.5c 




»d 

o 



(f) Model 6, NACA 66(215 )-ll 6 practical-construction airfoil section. cj = O.I 5 (approx.), 

Plgxire 8.- Concluded. 


Fig. 8f NACA TN No. 1151 



Figure 9.- Three-quarter front view of upper surface of NACA 66(2i5)“H4 
airfoil section in "as-received" condition. Model 7. 
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NACA TN No. 1151 Fig. 
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Section drag coefficient 


TDT 

Surface condition test 

o As received 898 

□ Paired, both 

surfaces 912 . 

Calculated, 

Rg = 8000 


•d 

o 



X 10^ 


Plgvire 10.- Experimental and calculated section drag characteristics for 
NACA 66 ( 215 )-ll4 practical-construction airfoil section. c^ = 0.1 

(approx.). Model ?• 


NACA TN No. 1151 Fig. 10 


Wavlness Index, d/c Wavlnesa Index, d/c 



(a) Upper surface • 



(b) Lower surface. 

Figure 11.- Wavlness characteristics of NACA 66 ( 215 )-Ili| practical -construction airfoil section In as-received condition and 

In faired condition. Model 7 * 


Fig. lla,b NACA TN No. 1151 





Figure 12.- Model of NACA 66(2xl5)-116 practical-construction airfoil 
section with camouflage -painted surfaces. Model 8. 


NACA TN No. 1151 Fig. 12 




Section drag coefficient 


Surface condition 


IDT test 


o 

0 


Camouflage painted & sanded 
Faired 

Calculated, Rg = 8000 
Calciilated, R 5 = 85 OO 
Calculated, Rg = 9 OOO 


929 

955 



Fis*^® 15 •” Comparison of experimental and calculated drag— scale^ef feet curves for 
NACA 66(2x15 )-ll 6 practical -construction airfoil section. cj = 0.1. Model 8. 


NACA TN No. 1151 Fig. 13 


Wavlness Index, d/c 



(a) Upper eurface* 



Distance along surface, s/c 


Figure Waviness characteristics of NACA 66(2xl^)-ll6 practical-construction airfoil section before and after fairing 

process. Model 8. 


Fig. 14a, b NACA TN No. 1151 




Figure 15.- Model of NACA 66,2-115 prac t i cal-cons t rue ti on airfoil section 
with camouflage-painted surfaces. Model 11. (Model 10 has similar 
internal structure.) 


NACA TN No, 1151 Fig. 15 
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Section drag, coefficient 


O 

□ 

O 

A 

^7 

t> 

< 


NACA airfoil section 


test 


Model 


66(2x15)-1i6 

0.10 

929 

66 /pic\ -llli. 

.10 

Cl = 0.21 

y .10 
--O.lJ 

912 

66(215)-ii6 _ 

l^a = 0 . 6 , 

685 

66(215)-(1.25)i6 

.10 

61+3 

66,2-115 

.19 

85 

66,2-115 

66(215)-1i6 

.19 

.15 




Figure l6,“ Drag characteristics of some smooth NACA 6-serles practical-construction airfoil sections. 


NACA TN No. 1151 . Fig. 16 


Wavlness index, d/c, lower surface 



Figure 17«“ wavlness characteristics of some smooth NACA 6*serles practical-construction airfoil sections. 


Fig. 17a NACA TN No. 1151 
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NACA TN No. 1151 Fig. 17b 


Wavineaa index, d/c, lower aurface 


\ 



(c) Surface wavineaa of NACA 66,2-115 practical -conatructlon airfoil section. 

Figure 17»- Continued. 


Model 10. 


Fig. 17c NACA TN No. 1151 



Figure 17.- Continued. 


NACA TN No. 1151 Fig. 17d 


Wavinesa index, d/c, lower surface 



(e) Surface wavlnees of NACA 66(215)-ll6 practical-construction airfoil section. Model 6. 


Plgxire 17 •- Concluded, 


Fig. 17e NACA TN No. 1151 



NACA TN No. 1151 Fig. 18 






Figure 19.- Model of NACA 23016 practical-construction airfoil section with 

camouflage-painted surfaces. Model 13. 


NACA TN No. 1151 Fig. 19 




Section drag coefficient 


IDT test 


O 


NACA airfoil c; 

section 

25015 (approx*) 0.50 

25016 .15 



Model 

12 

15 



Figure 20 .- Drag characteristics of some smooth 250-serles practical-construction 
airfoil sections with some surface waviness. 


NACA TN No. 1151 ‘ Fig. 20 



(a) Surface waviness of NACA 25OI5 (approx.) practical-construction airfoil section. Model 12 . 
Figure 21 .- Wavlness characteristics of some smooth NACA 250-serles practical-construction airfoil sections. 


Fig. 21a NACA TN No. 1151 


Wavlness index, d/c, lower surface 



■ NACA TN No. 1151 Fig. 21b 


Section drag coefficient 


NACA airfoil section 


o 

□ 


66(215 )-ll6 
66 ( 215)-114 



1.0, cij^ = 0.2 

0 . 6 , 01 ^ = - 0.1 


TDT 



Model 

tests 

0.1 

h 

565 

0.1 

7 

912 



(a = 1.0, cr» = 0.2 I 

Figure 22.- Drag of NACA 66(215)-ll6 { a = 0 6 ci^ = -O.IJ Practical- 

construction airfoil section, surfaces painted and glazed, compared 
with drag of faired NACA 66(2l5)~ll4 practical -construction airfoil 

section. 


Fig. 22 NACA TN No. 1151 


NACA TN No. 1151 


Fig. 23a, b 



(a) SxJTface unfalmeas, painted and glazed condition. 



practical -construction airfoil section 


Model h 



Section drag coefficient 



NACA airfoil 
section 

Surface condition 

Cl 

TDT test Model 

% 

o 

23016 

Original - painted with 

o.i4 



zlnc-chromate primer 

-1- 

23016 

Camouflage painted 

.ii+ 

□ 

66(215)-214 (approx.) 

Original^ unpalnted 

.10 

m} ^ 

o 

66(215)-214 (approx.) 

Refalred and painted 

.12 



0 Ij. 8 12 16 20 24 28 32 56 X 10^' 

Reynolds nunber, R 

(a) NACA 23016 and 66(215 ) -2ll|. (approx.) airfoil sections. 

Figure 2l|.- Comparison of drag characteristics of some 250- and 6-serles airfoils. 


Fig. 24a NACA TN No. 1151 


o 
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□ 

o 


NACA airfoil 

Sxorface 


Test 

Model 

section 

condition 


25015 (approx.) 

Original - bare metal 

0.50 

LTT 192 

12 

25015 (approx. ) 

Camouflage painted and 


TDT lU 


sanded 

.55 


66(2 x 15)-116 

Original - bare metal 

0.10 

LTT 205 

8 

66(2x15)-ii6 

Glazed to 0 . 7 c 

.10 

TDT 10 



(b) NACA 25015 (approx.) and 66 ( 2 xl 5 )-ll 6 airfoil sections. 
Pigiire 24.- Concluded. 


NACA TN No. 1151 Fig. 24b 


Fig. 25 


NACA TN No. 1151 



Section lift coefficient, Oj 


NACA airfoil Surface Test Model 

section condition 



Figure 25.- Comparison of drag characteristics of smooth test panel of 
airplane wing with that of smooth practical-construction wing model. 


\ 



(a) Front top view. 

Figure 26.- Model of NACA 66 (216 )- ( 1 .25 ) 16 practical-construction airfoil 

section. Model 14. 


NACA TN No. 1151 Fig. 26a 






(b) View of model being subjected to compressive 
load in 1,200,000-pound testing machine. 

Figure 26*-Concluded. 


NACA TN No. 1151 . 
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(a) Front top view. 

Figure 27.- Model of NACA 65(2161-215 (approx.) practical- 
construction airfoil section. Model 15. 
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NACA TN No. 1151 Fig. 27a 
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Section drag coefficient 


Surface TDT 

condition test 

O Before loading 5I4JL 

-f- After loading bi |5 



(a) NkCA 66(215 )-(1.25)16 airfoil section with chordwise hat-section stiffeners spaced 

5 inches on centers, c^ = O.llj.. Model 9 * 

Figure 28.- Effect of compressive load on drag characteristics of airfoils. 


NACA TN No. 1151 Fig. 28a 


Section drag coefficient, c<j 



Sxirface 

IDT 


condition 

test 

0 

Before loading 

588 

-h 

After loading 

397 



Reynolds number, R 

(b) NACA 66(215 )-( 1.25)16 airfoil section with chordwlse hat-section stiffeners 
spaced 6 Inches on centers. Cj = 0,l6. Model II4.. 


Figure 28.- Continued, 


Fig. 28b NACA TN No. 1151 


Section dra£^ coefficient^ 


Surface condition 
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o Unloaded 

-I- Loaded sufficiently to pro- 
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(c) NACA 65 ( 216)-215 (approx.) airfoil section, c. = 0 . 5 . 

Model 15. *’ 

Figure 28.- Concluded. 


Test, TDT 58. 


NACA TN No. 1151 Fig. 28c 


Section drag coefficient 



Cl 

Surface 

condition 

Test 

Model 

0 

0.50 

Smooth 

TDT 2 ^ 


+ 

.50 

0,075c de-icer 

TOT 16 

□ 

.50 

0.15c de-icer 

LTT 200 J 

I 



(a) 0.075c and 0.15c de-icer boots on NACA 65 ( 216)-215 (approx.) airfoil section. 

Figure 29.- Effect of de-icer boots on drag characteristics of airfoil sections. 


Fig. 29a NACA TN No. 1151 


Section drag coefficient 




Surface condition 

IDT test 

Model 

0 

0.55 

Smooth 

lU 

12 

H- 

.35 

0.10c de-icer 





(b) 0.10c de-icer boot on NACA 25 OI 5 (approx.) airfoil section. 

Figure 29 .- Concluded. 


NACA TN No. 1151 Fig. 29b 
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